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Proteome profiling of exosomes derived from human
primary and metastatic colorectal cancer cells reveal
differential expression of key metastatic factors and
signal transduction components
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Exosomes are small extracellular 40–100 nm diameter membrane vesicles of late endosomal
origin that can mediate intercellular transfer of RNAs and proteins to assist premetastatic
niche formation. Using primary (SW480) and metastatic (SW620) human isogenic colorectal
cancer cell lines we compared exosome protein profiles to yield valuable insights into metastatic
factors and signaling molecules fundamental to tumor progression. Exosomes purified using
OptiPrepTM density gradient fractionation were 40–100 nm in diameter, were of a buoyant
density ∼1.09 g/mL, and displayed stereotypic exosomal markers TSG101, Alix, and CD63.
A major finding was the selective enrichment of metastatic factors (MET, S100A8, S100A9,
TNC), signal transduction molecules (EFNB2, JAG1, SRC, TNIK), and lipid raft and lipid raftassociated components (CAV1, FLOT1, FLOT2, PROM1) in exosomes derived from metastatic
SW620 cells. Additionally, using cryo-electron microscopy, ultrastructural components in exosomes were identified. A key finding of this study was the detection and colocalization of
protein complexes EPCAM-CLDN7 and TNIK-RAP2A in colorectal cancer cell exosomes. The
selective enrichment of metastatic factors and signaling pathway components in metastatic
colon cancer cell-derived exosomes contributes to our understanding of the cross-talk between
tumor and stromal cells in the tumor microenvironment.
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1

Introduction

Accumulating evidence highlights the critical role of the tumor microenvironment during the initiation and progression of carcinogenesis [1, 2]. Insights gained from the crosstalk between the tumor and its surrounding support tissue
(the tumor stroma), are being utilized to understand cancer biology and improve molecular diagnostics and therapeutics [1, 3, 4]. Carcinomas are a complex milieu of tumor
epithelial cells situated in a microenvironment comprising
multiple nonmalignant, albeit genetically altered, cell types
such as fibroblasts, endothelial cells, and leukocytes. These
diverse cell types communicate, either physically by direct interaction or via the secretion of paracrine signaling molecules
(i.e. the secretome). For example, cancer cells and other cells
in the tumor microenvironment can modulate angiogenesis,
a critical step in cancer progression, either through increased
release of proangiogenic factors or reduced secretion of antiangiogenic factors, or by indirectly modulating the extracellular matrix [5, 6]. In addition to secreting soluble proteins
into the tumor microenvironment, it is now well established
that diverse cell types in the tumor stroma also release a variety of extracellular membrane vesicles, including exosomes,
shed microvesicles (sMVs), and apoptotic bodies [7,8]. Of particular interest, is the accumulating evidence suggesting that
systemic factors (soluble–secreted proteins and exosomes)
drive, directly or indirectly, formation of the premetastatic
niche—a specialized microenvironment created at the sites
of future metastases (e.g. sentinel lymph nodes)—that permits survival and outgrowth of disseminated cancer cells
[6, 9–12].
Exosomes are small (40–100 nm) membrane vesicles of
endocytic origin secreted by a variety of cell types in vitro
[7, 13, 14] and found in various body fluids such as blood,
bile, urine, malignant ascites, bronchoalveolar lavage fluid,
synovial fluid, and breast milk [7, 13, 14]. In addition to proteins shared by exosomes from diverse cell types, they also
contain specific subsets of proteins that reflect parental cell
functions [7, 13]. Exosomes also contain oncogenic proteins
[15], signaling molecules [16, 17] (for a recent review [18]),
lipids [19], mRNAs, and microRNAs [20–22] that can be horizontally transferred to recipient cells and regulate their function [21]. Like cellular membrane proteins, subclasses of exosomal membrane proteins are also organized into functional
lipid raft microdomains [23–25].
To gain insights into the molecular events of colorectal
cancer (CRC) metastasis, we compared the proteome profiles
of the soluble secretome and exosomes released from two isogenic human colorectal cancer cell lines (primary SW480 cell
line and its lymph node metastatic variant SW620) [26]. Proteome analysis of the exosomes from this in vitro metastatic
model has revealed differential expression of key metastatic
factors (e.g. MET, S100A8, S100A9, TNC) and signal transduction components such as EFNB2, EGFR, JAG1, SRC,
TNIK.
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2

Materials and methods

2.1 Materials
SW480 cells were from Ludwig Institute for Cancer Research Ltd. (Parkville Branch, Melbourne) and SW620 cells
were from Dr. Liz Vincan (Peter MacCallum Cancer Centre, Australia) [26]. All media and supplements were from
Life Technologies (NY, USA). OptiPrepTM was from AxisShield PoC (Norway). Mouse anti-TSG101, mouse anti-TNIK,
mouse anti-HSP70, mouse anti-Flotillin 1, and mouse antiE-Cadherin antibodies were from BD Transduction Laboratories (NJ, USA), mouse anti-Alix was from Cell Signaling
Technology (MA, USA), rabbit anti-Src antibody was from
Life Technologies (NY, USA), and mouse anti-␤-Catenin was
from Upstate Biotechnology (NY, USA). Goat Claudin 7 antibody and mouse anti-EpCAM were from Santa Cruz Biotechnology (CA, USA).

2.2 Cell culture
SW480 and SW620 cells were routinely cultured in RPMI1640 medium supplemented with 10% FCS, 60 g/mL benzylpenicillin and 100 g/mL streptomycin at 37⬚C and 10%
CO2 atmosphere. For exosome isolation, approximately 2 ×
106 cells were seeded into 150 mm diameter culture dishes
(30 dishes per cell line) containing 25 mL of the routine culture medium and cultured until cell density reached 70%
confluency. Cells were washed four times with RPMI-1640
medium and then cultured in 15 mL RPMI-1640 medium
supplemented with 0.8% insulin-transferrin-selenium (ITS),
60 g/mL benzylpenicillin and 100 g/mL streptomycin for
24 h before the collection of cell culture medium (CM). 2F2B
mouse endothelial cells were cultured in DMEM supplemented with 10% v/v FCS and 1% v/v P/S.

2.3 Secretome and exosome purification
Secretome and exosome samples were prepared as outlined
in Fig. 1A. CM was collected and centrifuged at 480 × g for
5 min and 2000 × g for 10 min to remove floating cells and
cell debris, respectively. The supernatant was further centrifuged at 10 000 × g for 30 min at 4⬚C to pellet sMVs as
previously described [27]. Crude exosomes were prepared by
ultracentrifugation of the supernatant at 100 000 × g for 1 h
at 4⬚C. Soluble-secreted fractions (SS) were obtained as described [28] by filtration through a 0.1 m syringe filter membrane (Pall, Cornwall, UK) and concentrated to ∼1 mL using
a 5 K cut-off Amicon Ultra-15 centrifugal filter device (Millipore, Billerica, MA). SepproTM transferrin IgY microbeads
(Genway Biotech, San Diego, CA) were used to deplete the
abundant transferrin additive (from ITS) in the SS fraction.
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Figure 1. Isolation and characterization of SW480 and SW620 secretome. The experimental workflow used for exosome and solublesecretome purification (A). SW480 and SW620 cells were grown in RPMI-1640 serum-free medium supplemented with ITS for 24 h, and the
CM collected (secretome). sMVs were first isolated from the CM by differential centrifugation. The supernatant was further centrifuged at
100 000 × g for 1 h. The supernatant was then filtered (0.1 m), concentrated by centrifugal ultrafiltration through a 5 K NMWL membrane,
and transferrin (TF) depleted using IgY microbeads (soluble-secretome, SS). Following ultracentrifugation, the SW480 and SW620 pellets
were fractionated using a 5–40% OptiPrepTM density gradient (100 000 × g, 18 h, washed in 1 mL PBS, 100 000 × g, 3 h) to obtain purified
exosomes (Exos). Following ultracentrifugation, densities of each fraction (11) from the OptiPrepTM density gradient were determined by
absorbance at 244 nm using a molar extinction coefficient of 320 L g−1 cm−1 (B). For Western blotting, each exosome preparation (10 g)
was separated by 1D-SDS-PAGE, electrotransferred, and probed with exosome markers Alix and TSG101 (B). SW480- and SW620-Exos
(1.09 g/mL fraction) were negatively stained using uranyl acetate and viewed by electron microscopy (C). Scale bar, 100 nm.

Crude exosomes were purified using OptiPrepTM density
gradient as previously described [29]. Briefly, a discontinuous
iodixanol gradient was prepared by diluting a stock solution of
OptiPrepTM (60% w/v aqueous iodixanol solution with 0.25 M
sucrose/10 mM Tris, pH 7.5 to generate 40% w/v, 20% w/v,
10% w/v, and 5% w/v iodixanol solutions). The discontinuous iodixanol gradient was prepared by sequentially adding
3 mL each of 40, 20, and 10% of iodixanol solution to a 14 ×
89 mm polyallomer tube (Beckman Coulter) with care. This
was followed by layering 2.5 mL of 5% solution. Crude exosomes were resuspended in 500 L of 0.25 M sucrose/10 mM
Tris-HCl, pH 7.5, and loaded onto the top of the gradient. The
gradient was centrifuged at 100 000 × g for 18 h at 4⬚C. Eleven
individual 1 mL fractions were collected (starting from top of
the gradient with increasing density) and each fraction was
diluted with 2 mL PBS. After centrifugation at 100 000 × g for
3 h at 4⬚C, the supernatants were discarded and pellets washed
with 1 mL PBS and resuspended in 50 L of PBS. Western
blot analysis was used to determine exosome-containing fractions based on the presence of specific exosome markers, Alix
and TSG101. The density of each fraction was determined
using a control OptiPrepTM gradient loaded with 500 L of
0.25 M sucrose/10 mM Tris, pH 7.5 run in parallel. Frac-
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tions were collected as described, serially diluted 1:10 000
with dH2 O, and iodixanol concentrations were estimated by
absorbance at 244 nm using a molar extinction coefficient
of 320 L g−1 cm−1 [30]. The yield of purified exosomes from
SW480 (SW480-Exos) and SW620 exosomes (SW620-Exos)
was ∼15 g/108 cells and ∼18 g/108 cells, respectively.

2.4 Electron microscopy (EM)
Exosome samples (1 g in 10 L PBS) were applied to 400
mesh carbon-coated copper grids for 2 min. Excess material was removed by blotting, and samples were negatively
stained with 10 L of a 2% uranyl acetate solution for
10 min (ProSciTech, Queensland, Australia). The grids were
air dried and viewed using a JEOL JEM-2010 transmission
electron microscope operated at 80 kV.

2.5 Cryo-EM and 3D reconstruction
Exosomes obtained from OptiPrepTM gradient fractions were
supplemented at 5:1 dilution with colloidal 10-nm gold

www.proteomics-journal.com

1675

Proteomics 2013, 13, 1672–1686

particles for tomographic alignment. A 3.5 L aliquot of
mixed suspension was pipetted on a glow-discharged holey
carbon-coated EM grid. Excess liquid was blotted and the
grid was plunge frozen by rapid immersion in liquid ethane
using FEI Vitrobot Mark IV (the Netherlands). Grids containing plunge-frozen samples were mounted on a cryo-holder.
Tilt series were recorded at 300 kV on Titan Krios cryo-EM
(FEI, the Netherlands) equipped with a Gatan UltraScan4000
(model 895) 16-megapixel CCD. The absolute magnification
was ×47 000. Tilt series were collected covering the angular
range of –68⬚ ∼ +68⬚ at 2⬚ increments under low-dose conditions, and the total electron dose for each dataset was below 7000 electron/nm2 . Tomographic tilt series were aligned
using fiducial markers and tomograms generated using Inspect3D software (FEI, the Netherlands). Surface rendered
views were computationally aligned into a 3D reconstructed
volume using AmiraTM 4.0 (Visage Imaging, Australia).

2.8 In vitro proliferation assay
An in vitro proliferation assay based upon reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
which corresponds with living cell number and metabolic
activity [31]. Briefly, 2F2B cells (3000 cells per well) were
cultured for 24 h in a 96-well plate in 100 L DMEM containing 0.5% w/v BSA and 1% v/v Pen Strep (Life Technologies). CM was supplemented with FCS (10%), PBS or exosomes (0.3, 3, 30 g/mL) in PBS. Fresh supplements were
added at 24 and 48 h. At 72 h, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide reagent was added to CM to a
final concentration of 50 g/mL and incubated at 37⬚C for
4 h. The CM was discarded and cells overlaid with 200 L
acidified isopropanol. Following 1 h incubation at RT under
constant shaking, the absorbance of the solution was measured at 560/690 nm.

2.9 GeLC-MS/MS
2.6 SDS-PAGE and Western blotting
SW480 and SW620 cells were lysed in SDS sample buffer
with 50 mM DTT and centrifuged at 430 000 × g for 30
min to remove insoluble material. The exosome samples
were lysed in SDS sample buffer. Both total cellular proteins
(30 g) and exosome proteins (10 g) were separated by using
precast Novex 4–12% Bis–Tris NuPAGE gels with MES running buffer. After electrophoresis, proteins were electrotransferred onto nitrocellulose membranes using the iBlotTM Dry
Blotting System (Life Technologies). The membranes were
probed with primary antibodies according to manufacturer’s
instructions. The secondary antibodies (IRDye 800 goat antimouse IgG or IRDye 700 goat anti-rabbit IgG) were diluted
(1:15 000) and the fluorescent signals were detected using the
Odyssey Infrared Imaging System, v3.0 (Li-COR Biosciences,
Nebraska, USA).

Density gradient purified exosome samples (30 g each) were
separated using SDS-PAGE and proteins visualized by Imperial protein staining (Pierce). Each gel lane was cut into 30
individual gel bands using a GridCutter (The Gel Company,
San Francisco, CA), and gel slices were subjected to reduction,
alkylation with iodoacetamide, and tryptic digestion [32]. The
extractions containing tryptic peptides from each gel band
were concentrated to ∼10 L by centrifugal lyophilization.
RP-HPLC analysis (Model 1200, Agilent) of peptide mixtures
was performed on a nanoAcquity (C18) 150 × 0.15-mm id
RP-UPLC column (Waters), developed using a linear 60-min
gradient from 0 to 100% B (0.1% aqueous formic acid/60%
v/v aqueous ACN) with a flow rate of 0.8 L/min at 45⬚C and
analyzed by LC-MS/MS using an LTQ-Orbitrap mass spectrometer (Thermo Fischer Scientific). Survey MS scans were
acquired with resolution set to a value of 30 000. Up to 5 of
the most intense ions per cycle were fragmented, and selected
ions dynamically excluded for 180s.

2.7 Immunoprecipitation

2.10 Database searching and protein identification

Exosome samples (100 g per sample) were lysed in 1%
TX-100/PBS or 1% Brij 97/PBS containing protease inhibitor cocktail (Roche) for 1 h on ice and centrifuged at
100 000 × g for 1 h to remove insoluble material. To reduce
nonspecific binding, lysates were preincubated with 50 L of
protein G conjugated Dynabeads for 1 h. After removing the
beads, Anti-TNIK antibody (10 g) was added to the exosome
lysates and the mixtures were incubated for 3 h at 4⬚C. Protein G-Dynabeads (50 L) was then added and incubated for
1 h at 4⬚C to isolate the immune complexes. The immune
complexes were washed three times with PBS, eluted by using SDS sample buffer and then subjected to SDS-PAGE and
Western blotting experiments.

The parameters used to generate peak lists, using ExtractMSn as part of Bioworks 3.3.1 (Thermo Fisher Scientific),
were as follows: minimum mass 700; maximum mass 5000;
grouping tolerance 0 Da; intermediate scans 200; minimum
group count 1; ten peaks minimum and TIC of 100. Peak
lists for each LC-MS/MS run were merged into a single
MASCOT generic file. Automatic charge state recognition
was used due to the high-resolution survey scan (30 000).
LC-MS/MS spectra were searched against the human RefSeq [33] protein database (38 791 sequences) using MASCOT (v2.2.01, Matrix Science, UK). Searching parameters
included: fixed modification (carboxymethylation of cysteine;
+58 Da), variable modifications (oxidation of methionine;
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+16 Da), up to three missed tryptic cleavages, 20 ppm peptide mass tolerance and 0.8 Da fragment ion mass tolerance.
Peptide identifications were deemed significant if the ion
score was greater than the identity score. Significant protein
identifications contained at least two unique peptide identifications. The false-discovery rate (derived from corresponding
decoy database search) was less than 0.3% for each sample
preparation. The UniProt database was used to classify identified proteins based on their annotated function, subcellular
localization, and specify genes reportedly involved in colon
cancer [34]. The Human Protein Atlas (www.proteinatlas.org)
was used as an annotated resource to assess the tissue
expression of proteins identified in this study [35]. To assess
protein–protein interactions for TNIK, the STRING database
was used (http://string.embl.de) [36].

2.11 Determination of differential protein expression
and significance
The fold change ratios of significant spectral count between
exosome (Exos) datasets and SS datasets were determined as
previously described [29]:

3.2 Exosome isolation and characterization
The strategy used in this study for purifying the secretome
(exosome and soluble-secretome) of SW480 and SW620 is
detailed in Fig. 1A. Intact cells, cell detritus, and large membranous particles were removed from the CM by low-speed
centrifugation (480 × g for 5 min followed by 2000 × g for
10 min). Ultracentrifugation of the CM was performed at
10 000 × g for 30 min to isolate sMVs [27]. The supernatant
was further centrifuged at 100 000 × g for 60 min. Solublesecreted protein (SS fractions) for both SW480 (SW480-SS)
and SW620 (SW620-SS) were subsequently isolated following
filtration 0.1 M, ultrafiltration, and immunoaffinity depletion of transferrin from the ITS media. For exosome purification, the crude exosome pellet was resolubilized in PBS
(500 L) and subjected to density gradient fractionation using OptiPrepTM [47]. Ultracentrifugation was performed at
100 000 × g for 18 h and fractions collected, as described [29].
Western blot analysis revealed that both SW480 (SW480Exos) and SW620 (SW620-Exos) exosomes were enriched at
a buoyant density of 1.09–1.11 g/mL based on expression
of stereotypic exosomal markers Alix and TSG101 [29, 48]
(Fig. 1B). EM of purified SW480- and SW620-Exos revealed
that they were essentially homogeneous 40–100 nm in diameter (Fig. 1C).

Rsc = (nSW620 + f )(tSW480 − nSW480 + f )/
× (nSW480 + f )(tSW620 − nSW620 + f )

(1)

where n is the significant protein spectral count (peptide spectra were considered significant when the Ion score ≥ the Homology score), t is the total number of significant spectra in
the sample, and f a correction factor set to 1.25 [37]. When
Rsc < 1 negative Rsc was used.

3

Results and discussion

3.1 SW480 and SW620 cell line characterization
SW480 and SW620 cells were first grown to 70% confluence
and then cell culture was continued in serum-free medium
for 24 h to minimize FCS contaminants that would otherwise compromise MS analyses. Under these culture conditions, cell viability for both lines was approximately 95%
(assessed by trypan blue staining; data not shown). Cellbased assays were performed to assess cell proliferation,
migration, matrix adhesive capacity, anchorage-independent
growth, and invasive characteristics. In accordance with previous reports [26, 38–46] our data showed that SW620 cells,
when compared with SW480 cells, displayed: a higher proliferation rate, a lower migration rate and matrix adhesive
capacity, higher capacity for anchorage-independent growth,
and increased invasive capacity (Supporting Information
Fig. 1).
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3.3 Cryo-electron tomography reveals
ultrastructural components within exosomes
To further characterize the morphology of SW480- and
SW620-Exos, cryo-electro tomography was performed (see
Section 2) (Fig. 2A and B). Tomography showed that these
purified exosomes have spherical structure. This is in agreement with a previous reports utilizing cryo-EM to characterize
exosomes [49]. In the current study, a total of 68 z-axis sections
were computationally constructed into a single tomogram.
Interestingly, both SW480- and SW620-Exos tomograms indicate the presence of ultrastructural components, suggestive
of large protein complexes (Fig. 2B). This finding is in accord
with observed ultrastructural evidence in exosomes secreted
by cardiac progenitor cells [50].

3.4 Proteomic analysis of the SW480 and SW620
secretome
We next compared the proteome profiles of the secretome
(exosomes and soluble secreted) from SW480 and SW620
cells using GeLC-MS/MS [27, 29]. For purified exosomes,
this resulted in 941 and 796 proteins identified in SW480and SW620-Exos, respectively (Fig. 3A) (Supporting Information Table 1). Six hundred twenty-eight proteins were
identified in common including typical exosome protein
markers such as ESCRT components TSG101, various VPS3
and CHMP components, Alix, and tetraspanins CD9 and
www.proteomics-journal.com
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Figure 2. Tomography of SW480- and SW620-Exos purified using
OptiPrepTM gradient. Isosurface 3D reconstruction of exosomes
show both SW480 (A) and SW620 (B) contain vesicles sized from
40–130 nm (arrows) (scale 100 nm). The edges of carbon-coated
copper grids are indicated by white asterisks (*). Dense ultrastructural components (arrows) are observed within both SW480
(C) and SW620 (D) exosomes (scale 50 nm).

CD63 (Supporting Information Table 2). Both 313 and 168
proteins were uniquely identified in SW480- and SW620Exos datasets, respectively (Fig. 3A). A detailed list of proteins identified in our SW480- and SW620-Exos datasets,
along with earlier reports [51] is given in Supporting Information Table 1—this table also lists 384 proteins not previously described for SW480- and SW620-Exos based on proteomic comparison with Choi et al. [51] including tetraspanin
CD63, claudins 3, 4, and 7, ADP-ribosylation factor 1 (ARF1),
and various Rab members (RAB1B, RAB2B, RAB3A, RAB3B,
RAB3D, RAC3C, RAB5B, RAB6B, RAB6C, RAB11, RAB15,
and RAB43). Proteins associated with exosome biogenesis,
organization, and sorting of vesicular trafficking including
Rab GTPases, ADP-ribosylation factors, syntenins, and components involved in recognition and uptake (VAMPs, LAMPs,
syntaxins) [52, 53] are shown in Supporting Information
Table 2. To validate the relative abundance of proteins using GeLC-MS/MS (relative spectral count ratios (Rsc) [29],
see Materials and methods), Western blot analysis was performed for selected proteins; v-src (SRC), flotillin 1 (FLOT1),
transferrin receptor, CD9, HSP70, EGFR, Alix, and TSG101
(Fig. 4), revealing similar protein expression differences between exosome datasets.
To further assess the contribution of the SW480 and
SW620 secretome in the context of the tumor microenvironment, we analyzed proteome profiles of the soluble-secretome
from SW480 (SW480-SS) and SW620 (SW620-SS) cells using
GeLC-MS/MS (Section 2.3). This study identified 824 and 893
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Figure 3. Secretome protein identification and subcellular localization. A two-way Venn of SW480- and SW620-Exos reveals 628
proteins were commonly identified, while 313 and 168 proteins
were uniquely identified in SW480- and SW620-Exos, respectively
(A). A comparison between SW480- and SW620-SS reveals 651
proteins were commonly identified, while 173 and 242 proteins
were uniquely identified in SW480- and SW620-SS, respectively
(B). Comparison between exosome and soluble-secretome protein identifications from SW480 and SW620 cell lines, indicates
387 proteins in common between exosome and SS datasets (C).

proteins in SW480- and SW620-SS, respectively, of which 651
were in common between both datasets (Fig. 3B) (Supporting Information Table 3). When SW480- and SW620-SS were
compared with the SW480- and SW620-Exos, 387 proteins
were found to be common, including various secreted (e.g.
tenascin, fibronectin, urokinase-type plasminogen activator),
and membrane-spanning proteins (e.g. ephrin-B2, MET receptor, and cell surface glycoprotein MUC18) (Fig. 3C) (Supporting Information Table 3).
www.proteomics-journal.com
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Table 1. Secretome of SW480 and SW620 contain components shown to modulate tumor and metastatic environment

Gene
symbol

Gene
ID

Protein description

TNC
CLDN1
SRC
PROM1
EFNB2
S100A14
MET

3371
9076
6714
8842
1948
57 402
4233

Tenascin C
Claudin 1
v-src sarcoma
Prominin 1
Ephrin-B2
S100 calcium binding protein A14
Met proto-oncogene (hepatocyte
growth factor receptor)
S100 calcium binding protein A9
Golgi apparatus protein 1
ADAM metallopeptidase domain 9
S100 calcium binding protein A8
Protein tyrosine phosphatase,
receptor type, K
STIP1 homology and U-box
containing protein 1
Integrin, alpha 5
Integrin, alpha 7
ADAM metallopeptidase domain 10
Integrin, alpha 2
Integrin, beta 4
Rho GDP dissociation inhibitor (GDI)
alpha
Ribosomal protein, large, P2
S100 calcium binding protein A6
S100 calcium binding protein A4
Matrix metallopeptidase 14
(membrane-inserted)
CD44 molecule (Indian blood group)
Epidermal growth factor receptor

S100A9
GLG1
ADAM9
S100A8
PTPRK
STUB1

6280
2734
8754
6279
5796
10 273

ITGA5
ITGA7
ADAM10
ITGA2
ITGB4
ARHGDIA

3678
3679
102
3673
3691
396

RPLP2
S100A6
S100A4
MMP14

6181
6277
6275
4323

CD44
EGFR

960
1956

SW480-Exos
SpCa)

10
10
41
232
5
12
14
11
6
57
60

SW620-Exos
SpCb)

Exosome RSC
(SW620-Exos/
SW480-Exos)c)

33
23
18
17
13
13
9

37.8
26.7
21.2
20.1
15.7
15.7
11.3

6
5
4
4
3

8.0
6.9
5.8
5.8
4.7

3

4.7

29
2
19
69
291
6

3.7
3.6
2.5
2.3
1.7
1.6

10
10
4

1.2
1.0
−1.7
−4.2

Soluble-secreted
RSC (SW620-SS/
SW480-SS)d)
29.5

4.4
16.2

10.6

2.0

1.7
−1.7
1.5
−1.0

−33.9
−35.7

a) Significant MS/MS spectral counts identified in SW480-Exos.
b) Significant MS/MS spectral counts identified in SW620-Exos.
c) Relative spectral count ratio (Rsc) for proteins identified in SW480-Exos, compared with SW620-Exos (Eq. 1).
d) Relative spectral count ratio (Rsc) for proteins identified in SW480-SS, compared with SW620-SS (Eq. 1).

Subcellular localization and protein function of SW480 and
SW620 (Exos and SS) based on Gene Ontology annotation [54,
55] is shown in Supporting Information Figs. 3 and 4. Based
on subcellular localization, increased levels of cell membrane
proteins in Exos were observed in comparison to SS, while
increased levels of secreted proteins were observed in SS in
comparison to Exos.

3.5 Secretome contains components known to
modulate metastatic niche and tumor
progression
Tumor-derived secretomes have been reported to have the
ability to facilitate tumor growth and metastasis [11, 56, 57].
To gain insights into the role of the CRC secretome throughout the metastatic environment, we compared our data with
several key studies investigating metastatic factors that modulate the metastatic niche [1, 6, 10, 56–60]. Several mediators
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of tissue invasion, intravasation, and metastasis identified
in this study including growth factor receptors, components
throughout the extracellular matrix (ECM), and chemoattractants are included in Table 1.
Hepatocyte growth factor receptor tyrosine kinase Met
(MET) (Exos: Rsc 11.3, SS: Rsc 16.2) is a protein important
in regulating proliferation, motility, mitogenesis, and morphogenesis. The MET proto-oncogene, which is expressed in
both stem and cancer cells, is a key regulator of cancer progression and metastasis [12,61]. Increased expression of MET
is frequently observed in various human tumors, including
colorectal carcinomas [62], and associated with a metastatic
phenotype and poor prognosis. Further, MET signaling is a
potent inducer of endothelial cell growth and promotes angiogenesis and lymphangiogenesis in vitro and in vivo [63, 64].
Functional crosstalk of MET with various components including EGFR has been reported [65] to modulate key signaling
pathways, such as Wnt–␤-catenin and TGF␤–bone morphogenetic protein systems. In the context of the secretome, CM
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Figure 4. Comparison of relative quantitation of mass spectrometry and Western blot analyses. For SW480- and SW620-Exos,
relative spectral count ratios (Rsc) were determined as detailed
in Eq. 1 (A). To validate the relative abundance of proteins using GeLC-MS/MS, Western blot analysis was compared for selected proteins; v-src (SRC), flotillin 1 (FLOT1), transferrin receptor
(TFRC), CD9, HSP70, EGFR, Alix, and TSG101. For Western blotting, exosomes (10 g) were separated by 1D-SDS-PAGE, electrotransferred, and probed with markers as indicated (B). *For
Src, only a single significant peptide was identified (eight unique
spectral counts). The peptide was manually validated and the
MASCOT MS/MS profile for the peptide “LIEDNEYTAR” is shown
in Supporting Information Fig. 2.

from human tumor cells in vitro has been recently shown
to induce elevated production of the MET ligand, HGF [66].
This suggests that tumor cells secrete factors that induce
HGF secretion, which in turn activates MET in a paracrine
fashion to induce tumor cell invasiveness through the surrounding stroma. Recently, Peinado et al. have demonstrated
that transfer of several key oncoproteins including MET from
tumor-derived exosomes to bone marrow progenitor cells promotes the metastatic process in vivo [12].
Tenascin C (TNC) (Exos: Rsc 37.8, SS: Rsc 29.5) is an extracellular matrix protein, associated with remodeling and
deposition of the ECM and formation of the metastatic niche.
TNC has recently been shown from primary breast cancer
cells to colonize lung metastatic niche formation [59, 67]. It
has been suggested that TNC may promote tumor cell dissemination and survival during metastasis by binding growth
factors, and reciprocal interactions with ECM components
such as fibronectin, proteoglycans, and fibrinogen, enzymes
such as matrix metalloproteinases, and cell surface receptors including EGFR and integrins [68]. Ephrin-B2 (EFNB2)
(Exos: Rsc 15.7, SS: Rsc 4.4), a transmembrane ligand for
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Eph receptors, is important in mediating cell migration and
vascular architecture [69]. Deregulation of EFNB2 expression
has been linked to tumor progression and is suggested to
play a role in cancer progression and metastasis [70]. Further,
EFNB2 is expressed at higher levels in human CRC than in
adjacent normal mucosa [71], and attributed with development of dysfunctional vascular in an in vivo CRC model [72].
Recently, upregulation of the EPHB4 in exosomes has been
suggested a mechanism whereby priming of the lymph node
metastatic environment supports colocalization [9]. EPHB4
receptor has been shown to promote proliferation and survival of melanoma cells expressing EFNB2 in vivo, in addition
to angiogenesis [73].
Claudin 1 (CLDN1) (Exos: Rsc 26.7) was shown to be
upregulated in SW620-Exos. Claudins are members of the
tight junction family, associated with actin cytoskeleton
remodeling and have been shown to be dysregulated in various human cancers, including CRC [74]. CLDN1 expression has been highlighted in human primary colon carcinoma and metastasis, and shown to significantly modulate
xenograft liver metastasis in vivo [75]. Further, the chemoattractant S100 calcium-binding proteins S100A8 (Exos:
Rsc 5.8) and S100A9 (Exos: Rsc 8.0) were identified upregulated in SW620-Exos. S100 proteins are commonly upregulated in tumors and often associated with tumor progression, including CRC [76,77]. S100A8 and S100A9 facilitate the
homing of tumor cells to premetastatic sites within the lung
parenchyma. Recently, primary lung tumors were shown to
secrete soluble factors, including VEGF-A, TGF-␤, and TNF␣, capable of inducing expression of S100A8 and S100A9
prior to tumor metastasis [78]. Although it is evident that
specific cell adhesion components, receptors, and chemoattractants are key regulators of the tumor microenvironment and metastasis, the role of the secretome—specifically
exosome components—in this environment remains to
be investigated in the context of CRC progression and
metastasis.

3.6 Key signaling molecules MET and TNIK
identified in exosomes
Key signaling components and binding partners associated
with tumor progression were identified in our exosome
datasets. Of note were MET (Exos: Rsc 11.3), and TRAF2
and NCK interacting kinase (TNIK) (Exos: Rsc 8.5) (Table 2).
MET—Tumor-derived exosomes have been reported to
facilitate tumor growth and metastasis [79]. As discussed, melanoma-derived exosomes have been demonstrated, through a MET signaling-dependent pathway, to promote the metastatic process in vivo [12]. Exosomes from
metastatic melanomas containing activated MET increased
metastatic behavior of primary tumors promoting the education and mobilization of bone marrow progenitor cells.
Upon activation, various cytoplasmic effector molecules including growth factor receptor-bound protein 2 (GRB2),
www.proteomics-journal.com
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Table 2. Differentially expressed proteins associated with MET, TNIK, and EpCAM in SW480- and SW620-Exos

Gene
symbol

MET protein
complex

TNIK protein
complex

EpCAM protein
complex

Gene
ID

MET

4233

SRC
GRB2

6714
2885

TNIK

23043

RAP2A

5911

CTNNB1

1499

EPCAM

4072

CDH1
CD44
CLDN7

999
960
1366

Protein description

SW480-Exos
SpCa)

Met proto-oncogene
(hepatocyte growth factor
receptor)
v-src sarcoma
Growth factor receptor-bound
protein 2
TRAF2 and NCK interacting
kinase
RAP2A, member of RAS
oncogene family
Catenin (cadherin-associated
protein), beta 1
Epithelial cell adhesion
molecule
Cadherin 1, type 1, E-cadherin
CD44 molecule
Claudin 7

SW620-Exos
SpCb)

RSC (SW620Exos/SW480Exos)c)

9

11.3

18
8

21.2
10.2

25

8.5

37

42.2

87

95

1.5

150

70

−1.5

2
57
23

22

9.9
−33.9
−14.1

3

a) Significant MS/MS spectral counts identified in SW480-Exos.
b) Significant MS/MS spectral counts identified in SW620-Exos.
c) Relative spectral count ratio (Rsc) for proteins identified in SW480-Exos, compared with SW620-Exos (Eq. 1).

GRB2-associated-binding protein 1, phospholipase C and
SRC are further recruited to the MET receptor [61]. In
this study, we report the identification of GRB2 (Exos: Rsc
10.2) and SRC (Exos: Rsc 21.2), both unique to SW620-Exos.
Whether these proteins in this study associate to form a com-

plex in the context of the tumor microenvironment and subsequently modulate the metastatic niche during CRC remains
to be investigated.
TNIK—The Wnt signaling pathway is involved in differentiation during embryonic development and through

Figure 5. Detection of protein complexes EpCAM-Claudin-7 and TNIK-RAP2A in exosomes. Protein interaction network shown by STRING
analysis reveals several components identified in this study to interact with EpCAM and TNIK shown by blue stars. Identified components
shown to interact with EpCAM include CLDN7, CD44, and CDH1 (A), while identified components shown to interact with TNIK include
RAP2A, GSN, and CTNNB1 (B). For immunoprecipitation (IP), 100 g of SW480- and SW620-Exos were lysed in either 1% Brij 97 for antiEpCAM (C), or 1% TX-100 for anti-TNIK (D). Western blotting showed anti-CLDN7 associated with EPCAM in SW480-Exos, while anti-RAP2A
was shown to associate with TNIK in SW620-Exos.
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Table 3. Selected proteins identified in SW480- and SW620-Exos

Gene
symbol

Gene
ID

Protein description

Lipid raft formation

CAV1

857

Src signaling/
endocytosis/
caveolae formation

FLOT1
FLOT2
SRC
HCK
FGR

10211
2319
6714
3055
2268

LCK

3932

LYN

4067

FYN

2534

PROM1
CD44

8842
960

Cytoskeletal
remodeling

VIL1
ADAM10

7429
102

Signaling

CD9
EZR
ANXA2
KRAS

928
7430
302
3845

HRAS

3265

NRAS

4893

RRAS2

22800

RRAS

6237

CD81
MYOF
ANXA4

975
26509
307

Caveolin 1, caveolae protein,
22kDa
Flotillin 1
Flotillin 2
v-src sarcoma
Hemopoietic cell kinase
Gardner-Rasheed feline
sarcoma viral
Lymphocyte-specific protein
tyrosine kinase
v-yes-1 Yamaguchi sarcoma
viral related oncogene
homolog
FYN oncogene related to SRC,
FGR, YES
Prominin 1
CD44 molecule (Indian blood
group)
Villin 1
ADAM metallopeptidase
domain 10
CD9 molecule
Ezrin
Annexin A2
v-Ki-ras2 Kirsten rat sarcoma
viral oncogene
v-Ha-ras Harvey rat sarcoma
viral oncogene
Neuroblastoma RAS viral
(v-ras) oncogene
Related RAS viral (r-ras)
oncogene homolog 2
Related RAS viral (r-ras)
oncogene homolog
CD81 molecule
Myoferlin
Annexin A4

Stem cell marker

Membrane
modification

SW480-Exos
SpCa)

SW620-Exos
SpCb)

RSC (SW620Exos/SW480Exos)c)

8

10.2

6
2
18
8
7

8.0
3.6
21.2
10.2
9.1

10

38

4.8

3

10

3.6

13

31

3.1

17

20.1
−33.9

10

15
19

17.9
2.5

104
192
263
4

77
87
84
17

1.0
−1.6
−2.3
4.8

5

15

3.6

5

12

2.9

13

18

1.9

11

13

1.6

56
4
9

48
240
18

1.2
63.8
2.6

57

a) Significant MS/MS spectral counts identified in SW480-Exos.
b) Significant MS/MS spectral counts identified in SW620-Exos.
c) Relative spectral count ratio (Rsc) for proteins identified in SW480-Exos, compared with SW620-Exos (Eq. 1).

activating mutations of the TCF4/␤-catenin transcriptional
program, leads to tumorigenesis [80]. ␤-Catenin, a cytoplasmic component, plays a major role in the transduction of
canonical Wnt signaling. TNIK is a serine/threonine kinase
that is an essential activator of Wnt signaling [81]. It is recruited to promoters of Wnt target genes to activate their expression in a ␤-catenin-dependent manner [81]. Furthermore,
TNIK forms a complex with RAP2A to regulate cytoskeletal
rearrangement by disrupting F-actin and cell spreading [82].
The same protein complex also functions in regulating neuronal dendrite extension during development [83]. Interestingly, in the context of colon biology, Rap2A and its effector
TNIK, have recently been shown to be involved in intestinal
cell polarity and brush border formation [84]. In this study,
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we report the identification of RAP2A (Exos: Rsc 42.2) unique
to the SW620-Exos dataset.

3.7 Protein complexes identified in SW480- and
SW620-Exos
To investigate protein–protein interactions within SW480and SW620-Exos, the STRING database was utilized [36].
These analyses revealed several interacting components with
EPCAM (Fig. 5A), including CD44 (Exos: Rsc –33.9), CDH1
(Exos: Rsc 9.9), and CLDN7 (Exos: Rsc –14.1), and interacting
proteins with TNIK (Fig. 5B) including ␤-catenin (CTNNB1)
(Exos: Rsc 1.5) and RAP2A (Exos: Rsc 42.2) (Table 2). Known
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interacting protein partners of EpCAM and TNIK were examined using IP and Western blotting for their ability to
associate as protein complexes within exosomes. To examine the presence of the EPCAM-CLDN7 protein–protein interaction in exosomes, we performed IP with anti-EpCAM
antibody and WB analysis using anti-Claudin-7 (Fig. 5C).
To assess the theTNIK-RAP2A protein–protein interaction
in exosomes, we performed IP with anti-TNIK and subsequent WB analysis using anti-RAP2A (Fig. 5D). Based
on co-IP EPCAM-CLDN7 and TNIK-RAP2A are shown to
complex in SW480- and SW620-Exos, respectively (Fig. 5C
and D). The EPCAM-CLDN7 complex has been reported to
strongly promote tumorigenicity, accelerate tumor growth,
and support ascites production and thymic metastasis
formation [85]. To our knowledge, this is the first experimental evidence showing the presence of a TNIK-associated
protein complex in exosomes. Further experiments are required to explore how the TNIK protein complex is enriched
in exosomes and if this protein complex regulates cytoskeleton remodeling during exosome biogenesis and trafficking.

3.8 Enrichment of lipid raft and lipid raft-associated
proteins in SW620 exosomes
Lipid raft membrane microdomains are cholesterol-enriched
membrane microdomains that function as selective regions
for signal transduction [86] and are implicated in modulating the malignant phenotype of cancer [87]. We next compared our SW480- and SW620-Exos datasets with previous proteomic studies that focused on cellular [88], plasma
membrane and exosomal [24, 89–91] lipid raft constituents
(Supporting Information Table 3). Proteins shown to function in lipid raft formation and scaffold (FLOT1 Rsc 8.0,
FLOT2 Rsc 3.6, CAV1 Rsc 10.2), cytoskeletal remodeling
(VIL1 Rsc 17.9), signal transduction (HRAS Rsc 3.6, KRAS
Rsc 4.8, NRAS Rsc 2.9, PROM1 Rsc 20.1), and membrane
modifications (MYOF Rsc 63.8) [89] were significantly enriched in SW620 exosomes (Table 3). Recently, FLOT1 and
FLOT2 were shown to promote coassembly of activated GPIanchored proteins in lipid rafts and enable the interaction
of signaling molecules, such as Src family kinases to coordinate downstream signaling [92]. CAV1 has been demonstrated to interact with G proteins, adenylate cyclase isoforms and a series of tyrosine kinases such as Src family kinases, MAPK, protein kinase (PK) A, and PKC) [93].
Various Src family kinases were also enriched in SW620Exos, including Src (Rsc 21.2), Lyn (Rsc 3.6), and Fyn (Rsc
3.1). Interactions between CAV1, FLOT1, and FLOT2 with
Src kinases are involved in signal transduction, endocytosis
and cytoskeleton remodeling [92]. The pentaspan glycoprotein PROM1 has been associated with tumor progression in
lung, pancreatic, liver, prostate, gastric, colorectal, and head
and neck cancers [94–97]. PROM1 has been identified in exosomes in several recent studies [98–100]. In human metastatic
melanoma PROM1 has been shown to influence cell growth

C 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics 2013, 13, 1672–1686

Figure 6. Exosomes induce endothelial cell proliferation. A 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation assay [31] of 2F2B cells stimulated with SW480- and
SW620-Exos at varying concentrations (0.3–30 g/mL). *p < 0.05,
n = 3 biological replicates.

and cell motility [101]. Enrichment of lipid raft and lipid raftassociated components in SW620 exosomes suggests roles in
signal transduction and mediating intercellular communication. Interestingly, enrichment of lipid rafts has been implicated in modulating various signaling pathways to promote
cell transformation and tumor progression [102].

3.9 SW480- and SW620-Exos promote proliferation
of endothelial cells in vitro
To demonstrate that SW480- and SW620-Exos transport functionally active cargo, exosomes were investigated for their
ability to assist proliferation of mouse endothelial 2F2B cells.
2F2B cells cultured in DMEM-supplemented with SW480- or
SW620-Exos in a dose-dependent manner, displayed higher
proliferation rates compared with DMEM alone (Fig. 6). Interestingly, addition of 30 g/mL SW480- or SW620-Exos
were shown to significantly increase cell proliferation in 2F2B
cells in comparison to DMEM (p < 0.05). No significant
change in cell proliferation was observed between SW480and SW620-Exos. Tumor exosomes (30 g/mL) derived from
BT-474 cells have been shown to slightly, but significantly increase cell proliferation of BT-474 cells [103]. Further, gastric
cancer SGC7901-cell-derived exosomes have been shown to
promote activation of PI3K/Akt and proliferation of SGC7901
and BGC823 cells [104].

4

Concluding remarks

In this study, secretome protein profiles released in vitro from
isogenic human colorectal cancer cells SW480 and SW620
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were analyzed by GeLC-MS/MS and shown to contain known
secreted modulators of the metastatic niche. To our knowledge, this is the first demonstration of selective enrichment
of key metastatic factors (MET, S100A8, S100A9, TNC) and
signal transduction molecules (EFNB2, EGFR, JAG1, SRC,
TNIK) in metastatic CRC cell exosomes relative to primary
CRC cell exosomes. Additionally, Met signal transduction
components, Met, Src, and GRB2 were uniquely expressed
in SW620-Exos. Importantly, the TNIK-RAP2A complex, a
key regulator of cytoskeletal rearrangement and cell spreading, was uniquely identified in SW620-Exos. Significant enrichment of several lipid raft and lipid raft-associated components was also observed in SW620-Exos. Given that many
of the proteins selectively enriched in metastatic CRC cellderived exosomes can act both as metastatic factors and in
important signaling pathways, elucidation of the function of
these exosomes in the tumor microenvironment will extend
our understanding of tumor progression with potential impact on our understanding of cross-talk between stromal cells
and design of targeted CRC therapeutics.
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